In this paper, we report observations of reduced core (0.40 < ρ < 0.95) fluctuations in the ELM-free high confinement regime, I-mode, at Alcator C-Mod [E. S. 
Introduction
The improved mode, or I-mode, regime of operation [1, 2] on Alcator C-Mod [3] is a high-confinement operating regime distinct from L-mode and H-mode, which allows for high energy confinement and high pressure, but without ELMs and without impurity accumulation. The I-mode regime is currently being studied at Alcator C-Mod, ASDEX-U and DIII-D, and is the topic of several ITPA experiments, due to its reactor-favourable characteristics.
The global transport and edge turbulence characteristics of the I-mode regime have been reported previously [1, 2] . At the transition from L-mode to I-mode, clear pedestals in electron and ion temperature form, and a moderate E r well forms in the pedestal region [4], but an edge particle transport barrier is absent resulting in an Lmode-like density profile. Much like the well-known transitions from L-mode to H-mode [5] , the transition from L-mode to I-mode is accompanied by characteristic changes in edge turbulence. Across the L-mode to I-mode transition, a reduction in broadband edge turbulence (0.95 < r/a < 1.0) in the 50-150 kHz range is reported, occurring over 10s of microseconds [1, 2] .
Typically in I-modes, there is the appearance of an edge-localized (0.95 < r/a < 1.0) 'weakly coherent mode' or WCM at higher frequencies [1, 2, 7] . The WCM oscillation has typically been observed with center frequency 150 < f 0 < 250 kHz, and bandwidth ∆f ≈ 100 kHz, with wavenumber k ~ 1.5cm -1 . The WCM is observed only during I-mode and is identified in the autopower spectrum of density fluctuations measured with reflectometer and Gas Puff Imaging (GPI) diagnostics, in the autopower spectrum of electron temperature fluctuations measured with high resolution ECE radiometer [6] , as well as in the autopower spectrum of edge magnetic probe signals [1, 7] . The WCM has density fluctuation levels at least δn/n = 10−15% and propagates in the electron diamagnetic drift direction [1, 7] . The WCM electron temperature fluctuations are lower in amplitude δT e /T e = 1−2% than density fluctuations [6] . The WCM in I-mode appears to play a role in regulating cross-field particle transport [8] , similar to other types of edge oscillations that are observed in naturally ELM-free Hmode regimes, such as the Edge Harmonic Oscillation (EHO) in Quiescent H-mode at
DIII-D [9] and the Quasicoherent Mode (QCM) in EDA H-mode at Alcator C-Mod
[10, 11, 12] .
Most studies of the high confinement mode H-mode [5] focus on changes in edge turbulence and the formation of edge barriers in energy and particle transport. However, it is important to emphasize that core turbulence and core transport are also reduced during the H-mode regime [13, 14, 15, 16, 17, 18] . The improvement in confinement during H-mode is correlated with reductions in both edge and core turbulence.
Experimental work from DIII-D indicates that the reduction of core turbulence and transport across L-H transitions in neutral beam heated plasmas can be attributed to ExB shear suppression of turbulence [13] , and that changes in the core occur after changes in the edge turbulence and after formation of the edge transport barrier [14, 15, 17, 18] .
While edge turbulence is reduced at the L-mode to H-mode transition on very rapid timescales, ~10 microsec, the reduction in core turbulence occurs more slowly, typically over 10s of milliseconds (i.e. on a global confinement time scale) as the core profiles evolve.
In contrast to the past work on the I-mode, this paper presents analysis of observed reductions in core turbulence and core transport across the L-I mode transition.
Section 2 describes the experiments and presents general observations of the reduction of core turbulence during I-mode. Section 3 presents observations of the timing of core and edge/pedestal turbulence reductions. Section 4 discusses the possible role ExB shear plays in the core turbulence reduction. Section 5 presents a summary and discussion of the results, along with routes for future work.
Comparison of L-mode and I-mode plasmas
At Alcator C-Mod, I-mode experiments are typically conducted with an upper single null (USN) or lower single null (LSN) plasma, with an "unfavourable configuration" --with the ion B ×∇B drift away from the active X-point. Auxiliary heating in the ion cyclotron range of frequencies is used to obtain I-mode, and for the experiments described here, the D(H) minority heating scenario is used. While I-mode discharges have been produced over a wide range in machine parameters, with plasma currents of 0. The discharges examined in this work exhibit distinct changes in edge and shows there is already sustained increase in edge temperature at t ct = 0.875 sec, which is triggered by a heat pulse from a sawtooth crash. Roughly one L-mode confinement time (τ e~ 20 ms) later, both the core and edge temperature increase by roughly 30%, and the weakly coherent mode (WCM) appears concomitant with a reduction of low frequency edge fluctuations. After several L-mode confinement times (~80 ms) the core temperature has increased by roughly 60% at the peak of the sawteeth compared to L-mode.
In this same discharge, we measured the fast temporal evolution of core turbulence across the L-I transition with the fluctuation reflectometer. In Figure 2 Because the electron and ion temperatures are similar, T i ~ T e , over the radial region of interest (0.4 < ρ < 0.8), there is significant uncertainty in the energy exchange term between ions and electrons, so in this work we do not attempt to separately calculate ion and electron thermal diffusivities. The radial region interior to ρ = 0.4 is excluded from this analysis, since the electron temperature profile evolution is dominated by sawteeth inside the sawtooth inversion radius. The radial region exterior to ρ = 0.8 is excluded as well, since calculation of diffusivities in the edge region requires careful fitting of the edge profiles, which was not performed for this TRANSP analysis since we focussed only on analysis of the core profile data. Reduction in the thermal diffusivity in the edge across the L-I transition has been reported previously using better edge profile data sets [7] and this reduction is correlated with the onset of the WCM in I-mode and the reduction of mid-frequency edge/pedestal density fluctuations.
Temporal evolution of density fluctuations in the core and edge/pedestal
The relative timing of the core reduction of turbulence compared to the changes in edge and pedestal turbulence is of interest for understanding the global confinement transition from L-mode to I-mode. Notably, in discharges with very steady density across L-I transitions, we are able to observe that the reduction of density fluctuations in the core region between ρ = 0.55 and ρ = 0.95 occurs prior to reductions in low frequency edge density fluctuations at ρ = 0.99 and prior to the onset of the higher frequency WCM at ρ = 0.99. 
Reduction of core density fluctuations and electron temperature fluctuations
Compiling data from many L-I mode transitions, we find that generally lower turbulence levels are observed across the radius in I-mode compared to L-mode. Largest reductions (up to 30%) are observed deeper in the core. Shown in Figure 6 shows, the reduction in core turbulence occurs regardless of whether the equilibrium is USN or LSN, and is seen on different reflectometer channels on different shots (i.e. it is not an instrumental effect or systematic effect in just one of the reflectometer channels).
For Figure 6 , the data have been analyzed just after transitions, long after a transition during a developed I-mode, and also across back transitions. The purpose of compiling these data together are to show that the core density fluctuations are lower in I-mode compared to L-mode and remain at lower levels, regardless of when the comparisons are made.
It is also now possible at C-Mod to measure long wavelength (k θ ρ s < 0.3) electron temperature fluctuations using Correlation ECE [19] . 
Role of ExB shear in core turbulence reduction
To investigate the possible role of ExB shear suppression of core turbulence in Imodes we examine experimental correlations between reduced core trubulence and increased intrinsic rotation, and we also compare linear growth rates of the most unstable turbulent mode to the ExB shearing rate [13, 17] .
Core linear stability analysis for a high performance I-mode plasma is shown in Figure 8 . This discharge is one from the set that exhibited reductions of core density fluctuations ( Figure 6 ). The growth rate of the fastest growing linear mode at ρ = 0.55 is shown in L-mode, Fig. 8 (a) , and in I-mode, Fig. 8 (b) . The growth rate is calculated using GYRO [22] , and in both L-mode and I-mode the fastest growing mode is identified as an Ion Temperature Gradient mode (ITG). We identify the mode as ITG because the sign of the real frequency (not shown) indicates that the mode propagates in ion diamagnetic drift direction, and because of the strong response of the calculated growth rate to the primary ITG drive term (normalized T i gradient, R/L Ti ). In I-mode, the growth rate of the fastest growing mode is reduced due to reductions in R/L Ti , which is commonly observed in I-mode (e.g. Figure 3 ). The shaded horizontal bars represent the ExB shearing rate, calculated from the experimentally measured rotation profiles [23] . In I-mode, the ExB shearing rate remains very similar in magnitude to L-mode. Due to the reduction of linear growth rate, the ratio of growth rate to ExB shearing rate is decreased 
Discussion and Future Work
We have presented analysis of reduced core turbulence and core transport in the ELM-free high confinement regime, I-mode, at Alcator C-Mod. 
